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In most parts of the kidney, interstitial cells surround the
epithelial sheets. An exception is seen in the glomerulus, where
instead endothelial cells face the glomerular epithelial cells.
Although the interstitial cells are found around all tubular
segments of the nephron, very little attention is usually paid to
these cells in physiological or embryological research. There
are several reasons for this. Many of the most apparent func-
tions of the kidney are carried out by the epithelial sheets. The
development of the different epithelial cell types of the kidney
can be followed by morphological means much better than the
development of the interstitium. In contrast to epithelial cells,
interstitial cells form no clearly distinguishable sheets, and they
are in the minority. It has been estimated that the interstitial
cells represent only 6% of the area in the cortex [1—4]. Their
differentiation is much more subtle morphologically than the
differentiation of the epithelial cells. It is therefore no wonder
that they are usually left alone in the shade of the prominent
epithelial sheets. The neglect is sometimes extreme: in the
newest nomenclature of the anatomy of the kidney the intersti-
tial cells are hardly mentioned [51, and in most reviews on
kidney development their morphogenesis and physiology are
not considered at all [6, 7].
Yet there are many indications that we should also take
interstitial cells into account when we try to explain normal
physiological functions, embryonic development, or diseases.
Few would deny that the interstitial cells by their mere exist-
ence serve as solid support for the maintenance of the tissue
architecture, but these cells may have other functions as well,
both in the adult stage [2, 3] and in the embryo. It has recently
been shown that the interstitial cells at the molecular level
undergo several distinct differentiation events. No doubt, our
understanding of this differentiation process is still rather lim-
ited, but some of the findings suggest that interstitial cells could
be important helper cells for kidney tubule development. This
review, therefore, summarizes current knowledge about the
development of interstitial cells of the kidney. Much of the
recent work on embryonic development of kidney interstitium
has dealt with adhesion proteins of the cell surface and extra-
cellular matrix, and this summary will thus focus on these
molecules.
Basic features of kidney development
The development of interstitial cells is intimately coupled to
the development of epithelial cells, and a short introduction to
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some basic features of kidney development is therefore neces-
sary. Several comprehensive descriptions about the develop-
ment of kidney epithelial cells are available [6—10], and the
development of the basement membranes of the epithelial cells
is reviewed in this volume (contribution by Abrahamson). The
permanent kidney of all mammals first becomes detectable at
early pregnancy as a small structure composed of a simple
undifferentiated mesenchyme at the caudal end of the urogenital
ridge attached to the short epithelial ureter bud branching off
from the Wolifian duct. It is surrounded by an abundant
vasculature. At the initial stages of development the three major
cell types, the endothelium, the mesenchyme and the epithelial
ureter, are located in separate anatomical compartments. With
onset of development the cells will start to interact and become
intermixed. The intermixing is not random but follows certain
strict rules, and as a result the complicated nephric units will
gradually form. The rules of the cell-cell interactions are not
known in detail, but some basic principles have been clarified
by transplantation experiments and in vitro studies. Both mor-
phological observations [6, 9, 10] and experimental studies [lii
suggest that blood vessel growth and differentiation is guided by
the development of the epithelium. In contrast, epithelial cell
development apparently proceeds well in the absence of blood
vessels. Organ culture studies have shown that both interstitial
and epithelial cell development occurs in vitro without the
presence of an intact vasculature [10, 12]. Therefore, blood
vessels will—not be discussed further here, even though they
could be considered a part of the interstitial compartment.
In contrast to the apparent ability of the epithelium and the
interstitium to develop independently of the endothelium, there
are reasons to believe that interstitial and epithelial develop-
ment are mutually dependent upon each other. The epithelium
and the interstitium could therefore be viewed as one differen-
tiation unit, and the major developmental stages for the epithe-
hal cells of the kidney are therefore shortly described.
Apart from the collecting ducts, the epithelial cells of the
kidney develop from the metanephrogenic mesenchyme, a stem
cell population which apparently has the capacity to become
both epithelium and interstitium. If the mesenchyme is properly
induced, some of the mesenchymal cells gradually convert into
a primary epithelium called "condensate". Over several mor-
phologically distinct stages the different segments of the neph-
ron (glomerular and tubular epithelium) are then formed
through growth and diversification, and the distal tubular epi-
thelium joins the collecting duct system developing from the
ureteric epithelium (Fig. 1). It is generally believed that the tips
of the ureter act as a local inducer of conversion of mesen-
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Fig. 2. Histology of a 12-day-old embryonic mouse kidney showing an
early stage of kidney development. The same developmental stage is
seen in Fig. 1 in the upper right corner. The ureter (1) has branched
once at this stage. Endothelial cells can be seen in the lower righthand
corner (2). Some of the mesenchymal cells have undergone condensa-
tion (4) forming a "primary epithelium" which is morphologically
different from the more loose uninduced mesenchyme (3). At this stage,
the first definite morphological differences between cells becoming
epithelium and interstitium can be distinguished. During subsequent
differentiation the uninduced mesenchymal cell line will give rise to the
interstitium. (Used with permission from ref. 14).
Fig. 1. Schematic representation of in vivo kidney development show-
ing the branching of the ureter, the condensation of parts of the loose
mesenchyme close to the ureteric tips and the subsequent dfferentia-
tion of the nephrons from these groups of condensed cells. In the top
left stage arrows indicate tissue interactions between the ureteric
epithelium and the kidney mesenchyme leading to the branching of the
ureter and to the formation of mesenchymal condensates. In the top
right stage the four cell lines contributing to the formation of the
nephrons are indicated: (1) ureteric epithelium, (2) endothelium growing
into the kidney rudiment, (3) mesenchymal cells not participating in the
formation of nephric epithelium but differentiating into interstitium, and
(4) mesenchymal cells of the condensate subsequently converting into
nephric epithelium. Note that the cell line differentiating into intersti-
tium (3) is not depicted in the drawings of the subsequent stages of
nephron development. (Used with permission from ref. 13).
chyme to epithelium. Many nephric units are generated because
the ureter epithelium branches extensively, and induces a new
epithelium in every part of the mesenchyme that encounters the
tip of the ureteric tree. The cells that are not induced by the
ureter will become interstitium (Fig. 2).
It was shown by Grobstein [15, 161 that it is possible to induce
the conversion of the mesenchyme to epithelium in vitro by
several embryonic tissues. The in vitro cultures of the mouse
metanephric mesenchyme have turned out to be very useful,
and much of what we today know about kidney tubule devel-
opment has come from the use of this model system (reviewed
in 7, 10].
The major differentiation stages of epithelium and interstitium
Current knowledge allows us to broadly distinguish between
major developmental stages for the development of the nephric
epithelium. Following a first developmental switch (the induc-
tion), the stem cells will convert into a "primary epithelium",
and will become positive for epithelial markers such as uvo-
morulin [17] and laminin A chain [18]. Subsequently, the
elongating epithelium will become segregated into different
types of epithelia, the proximal and distal tubuli, and the
visceral and parietal epithelial cells of the glomeruli. The
developmental switch from the primary epithelium into termi-
nally differentiated segments can be followed by segment-
specific markers [19]. In the mature kidney the overwhelming
majority of the cells are epithelial cells. Likewise, in the in vitro
cultures of the metanephrogenic mesenchyme, the majority of
the cells convert into epithelium. Simple morphological esti-
mates would suggest that from 70 to 90% of the mesenchyme
cells convert into epithelium in vitro. The remaining cells retain
a mesenchymal type of morphology. It is therefore easy to
overlook that the cells that do not convert into epithelium do
not remain frozen in the mesenchymal stem cell state, but
differentiate into interstitial cells. This developmental pathway
may be just as complicated as the one leading to epithelium at
the molecular level, although the morphological transitions are
not so dramatic.
We know very little about the conversion of metanephrogenic
mesenchyme to interstitium, but it is nevertheless useful to try
to classify the developmental stages and to introduce some
terminology. Just as for the development of mesenchyme to
epithelium, we can broadly distinguish between two major
developmental switches. In the first switch, the mesenchymal
stem cells will develop into a primary interstitium, and in the
second switch the interstitial cells will segregate into the
different types of interstitia found in different locations of the
kidney. These developmental events occur in parallel with the
development of the epithelium and may be dependent on the
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development of the epithelium (Fig. 3). These proposals emerge
from some recent studies on adhesive proteins used as markers
to define the different stages of interstitial development.
Markers of differentiation of the kidney mesenchyme to
interstitium
The metanephrogenic mesenchyme expresses several extra-
cellular matrix proteins and surface molecules typical for any
mesenchymal or fibroblastic cell type. In the embryo, fi-
bronectin and the interstitial collagens seem to be synthesized
by nearly every cell type that can be classified as mesenchymal
or fibroblastic. The cells of the mesenchymal-interstitial lineage
in the kidney are no exceptions. Thus, fibronectin and type I
and III collagen expression can be demonstrated in the undif-
ferentiated mesenchyme, in the primary interstitium, and also
in the interstitium of the adult kidney 120, 21j. Immunostaining
for fibronectin can thus be used to visualize the extent of
mesenchymal area in a developing or adult kidney (Fig. 4). This
information is illustrative but at first sight not very useful. It
could be argued that the same data could be obtained by a
normal histological section equally well. Indeed, the immuno-
fluorescence data on fibronectin expression would suggest that
the metanephrogenic mesenchyme is very similar to any of the
interstitial cells found at later developmental stages in different
compartments. Recent results, however, of studies on some
other markers such as the neural cell adhesion molecule
(NCAM), the surface ganglisode GD3 or tenascin suggest that
there may be more diversity, and with these markers we are
gradually learning to distinguish between the metanephrogenic
mesenchyme and the different cell types found in adult intersti-
tium.
NCAM expression is a feature of embryonic kidney mesen-
chyme. NCAM expression is seen very early during mouse
kidney development, and the expression of this molecule dis-
tinguishes the kidney mesenchyme from its surrounding mes-
enchyme at the early developmental stages 122]. When the
mesenchyme starts to develop into epithelium and interstitium,
NCAM first remains expressed on both cell lineages. It then
soon disappears from those cells becoming epithelia, and re-
Fig. 3. Scheme depicting the differentiation
of the metanephrogenic mesenchyme into
epithelium and interstitium. A central point of
the scheme is that a distinction is made
between the stem cell mesenchyme and the
interstitium. Thick arrows indicate
(hypothetical) tissue interactions. The
appearance and disappearance of some
markers from the extracellular matrix and
from the cell surface is indicated (detailed in
text). Abbreviations are: TN, tenascin; FN,
fibronectin; LAM A, laminin A chain;
TN+ NCAM, neural cell adhesion molecule; UVO,
NCAM— uvomorulin.
Fig. 4. Distribution of mesenchyme in a 13-day-old embryonic mouse
kidney. A frozen section was stained with an antiserum against fi-
bronectin. Staining can be seen in the uninduced mesenchyme and in
the basement membrane surrounding fibronectin negative epithelium.
Note that the fibronectin staining is much less intense in induced
mesenchyme close to the uretric tips. (Used with permission from ref.
20).
mains expressed by the embryonic interstitial cells. Eventually
it disappears from the interstitial cells also. The transient
expression of NCAM at embryonic stages has been demon-
strated both at the protein and mRNA level. Work from other
groups has shown that there are three major NCAM proteins,
NCAM-180, -140 and -120. They form by alternative splicing of
one primary mRNA. Additional diversity is achieved by a
varying degree of sialylation [a review of NCAM is in 231. It
seems that the mesenchymal cells of the kidney at early stages
of development synthesize all three major splice mRNA vari-
ants and consequently also all NCAM isoforms. With advanc-
ing development, synthesis of each of these mRNAs gradually
declines (Fig. 5).
Since NCAM expression is an embryonic feature and largely
is confined to mesenchyme and to primary interstitium, it could
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Fig. 5. Stage spec(fic expression of NCAM mRNA during development
of the kidney. Hybridization of a cDNA probe specific for NCAM to
poly(A) RNA of kidneys from 14-day-old embryonic (a), newborn (b),
and adult (c) mice. In the 14-day stage prominent bands of 7.4, 6.7, and
4.3 kb can be seen. In the newborn stage only the 6.7 kb band is visible
and in the adult stage no NCAM mRNA can be detected. (Used with
permission from ref. 22).
be used as a marker for the early stages of the mesenchymal-
interstitial cell lineage. However, it must be kept in mind that
NCAM, unlike all other markers discussed here, remains ex-
pressed for a short period of the development of the mesen-
chyme to epithelium also. The complex expression pattern
limits the usefulness of NCAM as a marker for undifferentiated
mesenchyme or early stages of interstitial differentiation. The
presence of NCAM for a short period also in developing
epithelial may indicate slow turnover of the NCAM proteins, or
could mean that the mesenchymal cells converting into epithe-
hum retain some mesenchymal characteristics at the early
stages of epithelial cell development. The role of NCAM in the
embryonic kidney mesenchyme is unclear. Since it is an adhe-
sive protein, it seems reasonable to assume that it serves
adhesive functions in the developing kidney also. In this con-
text, the expression of NCAM by the stem cells of the undif-
ferentiated kidney mesenchyme is interesting. It could be
speculated that NCAM acts as the first adhesive protein com-
partmentalizing those cells destined to participate in the forma-
tion of the permanent kidneys [221.
By immunostaining for NCAM, fibronectin or interstitial
collagens (I, III) it was not possible to distinguish between
different subpopulations of the metanephric mesenchyme. In
the mouse, the earliest recognizable kidney analogue is seen in
10 or 11 day embryos. At these stages the ureter has not yet
branched and the metanephrogenic mesenchyme appears as a
morphologically rather homogeneous tissue. It was recently
reported, however, that the cells of the mesenchyme already at
this stage are heterogeneous with respect to one surface
Fig. 6. Distribution of the ganglioside GD3 in the metanephrogenic
mesenchyme. A double staining with a monoclonal antibody against
G3 (a) and with concanavalin A (b) of a frozen section from the upper
cortex of a 16-day-old embryonic mouse kidney is shown. Concanavalin
A binds to the surfaces of all cells; therefore the branches of the ureter
(u), the induced mesenchyme (im) and the newly formed epithelial
tubuli (t) can be distinguished. The induced mesenchyme and the newly
formed tubuli, two different stages of nephric differentiation, are found
here in the same section. They are surrounded by GD3-positive unin-
duced mesenchyme (um) but do not themselves express G3. (Used
with permission from ref. 14).
marker, the ganghisode GDS [14]. The cells close to the stalk of
the ureter express the ganghisode GDS, but the rest of the
mesenchyme was negative for GDS. During subsequent devel-
opment, the G3-positive cells were found in the developing
interstititum but not in the developing epithelial cells. This
ganglioside can therefore be viewed as a very early marker for
the cells of the mesenchymal-interstitital cell lineage (Fig. 6). It
is unclear, however, whether the cells already in the 11-day-old
mouse embryo are predetermined into two different cell lin-
eages (mesenchyme with epithelial bias, mesenchyme with
interstitial bias), or whether each individual cell in the meta-
nephrogenic mesenchyme still has both options. A related
unanswered question is whether the ganglioside-G3 positive
cells will give rise to both cortical and medullary interstitium of
the adult kidney. Although the cell-lineage relationships are not
yet clear, we already have some clues that the GDI positive
cells, at least during early developmental stages, are important.
It was reported that kidney development could be perturbed by
the application of monoclonal antibodies against the G3-
ganglioside [141. Both epithehial morphogenesis and growth was
abc
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inhibited to some extent. Since growth was also affected, the
significance of these findings is difficult to evaluate. The data
are nevertheless noteworthy, since they suggest that interstitial
cells of the kidney could act as vital helper cells for the
development of epithelium. It would now be of importance to
study whether the G3 molecule remains expressed in the adult
stage in the interstitium, and whether its expression is altered in
tubulo-interstitial diseases.
In addition to constitutively expressed adhesive proteins
(fibronectin, interstitial collagens, the ganglioside G3) and
embryo-specific adhesives (NCAM), there also may exist sev-
eral adhesive proteins that appear selectively during the differ-
entiation of the mesenchyme to interstitium. The first described
protein of this class is tenascin 112]. This extracellular matrix
glycoprotein has a fairly restricted tissue distribution in other
tissues as well [24, 25]. Tenascin is not expressed by the
undifferentiated kidney mesenchyme but appears during kidney
development selectively in those cells that do not become
epithelia but differentiate into interstitium. This finding is of
considerable importance because it provided the first clear
evidence that the progression from the undifferentiated mesen-
chymal stem cell towards stroma is accompanied by the appear-
ance of new antigens [121. The data, furthermore, raises the
possibility that the appearance of tenascin in the mesenchyme is
dependent on the development of the adjacent epithelium. This
hypothesis has now been directly addressed in other model
systems. Current data clearly favor the view that tenascin
expression at sites of epithelial-mesenchymal interactions in-
deed is induced by the epithelial cells [26—28]. The epithelial
factors that influence tenascin synthesis in interstitial compart-
ments have not been identified from any tissue so far. A
characterization of such factors could be of great importance
for our understanding of epithelial-mesenchymal interactions in
many organs, including the kidney.
In the embryonic kidney, the earliest stages of epithelial cell
development are found in the cortical parts. It is therefore
noteworthy that tenascin expression is seen preferentially in the
cortical mesenchyme as well (Fig. 7). This pattern is not static
and in the adult stage, the most cortical areas show very little,
if any tenascin expression, and the only areas with tenascin in
the stroma are in the medulla [12]. This suggests that the
medullary fibroblasts at the molecular level are different from
the cortical fibroblasts in the adult stage. The biological signif-
icance of these differences is unclear. Further markers are
required that would distinguish between the developing and
adult cortical and medullary fibroblasts.
Possible trophic factors involved in signalling between
mesenchyme and epithelium
The expression of adhesion proteins of the extracellular
matrix is frequently modulated by cell-cell interactions, but the
adhesion proteins are not necessarily direct mediators of the
interactions. The matrix proteins in embryonic mesenchyme
and epithelium should instead be viewed as autocrine factors
that affect the same cells that synthesize them. So far it has not
been possible in any organ to clearly identify locally active
paracrine factors that would be directly involved in the inter-
actions between mesenchyme and epithelium. One possibility is
that both epithelial and mesenchymal cells synthesize develop-
Fig. 7. Comparison of tenascin expression by interstitium in the new-
born (a) and in the adult (b) kidney. In the newborn mouse kidney
staining for tenascin is most intense in the cortical interstitium sur-
rounding differentiating epithelia and gradually declines towards the
medulla. The medullary rays (mr) between the cortical extensions (cc)
show less staining. The medulla is negative for tenascin staining except
for small patches (arrow). In the adult stage (b) tenascin staining is
concentrated along the tubules in the medulla (m) while the cortical
region (C) is negative for tenascin. (Used with permission from ref. 12).
mentally regulated hormones and growth factors. Such factors
are likely candidates as inducer molecules. Unfortunately, we
know very little about growth factors or hormones produced by
the embryonic kidney.
Recently, some descriptive data on this issue has become
available. It has been shown that the mesonephric tubules
express TGFa [29]. The embryonic metanephrons express
acidic FGF [30], insulin-like growth factors [31], transforming
growth factor-/31 [32], and the mRNA of proencephalin A [33],
a gene coding for a group of peptides. Each of these peptides
could potentially act as modulators of some stages of kidney
development.
Some of the hormones and growth factors seem to be
synthesized by the interstitium rather than by the epithelium.
Interestingly, proencephalin A mRNA was seen at high levels
only during embryogenesis and was shown to be synthesized by
the interstitium [33]. TGF-/31 mRNA was likewise expressed by
the interstitium, but a more detailed study of the developmental
regulation was not performed [321. The role of these factors for
embryogenesis is obscure at the moment, but the work raises
several interesting issues. Are these effector molecules impor-
tant for kidney development or could it just be so that the
developing embryo can satisfy its need for these peptides only
by letting several mesenchymal cell types synthesize them?
Obviously, it will be interesting to study whether kidney
epithelium or mesenchyme express receptors for the proteins
encoded by proenkephalin A mRNA and TGF-f3. Such studies
could provide important clues about possible close range hor-
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mona! interactions between embryonic epithelium and mesen-
chyme.
The studies on proencephalin A and TGF-f3 are important
because they provide clear evidence that the interstitial cell
lineage in the embryonic kidney could be a rich source of
effector hormones. It is possible that several other growth
factors and hormones are produced by these cell types rather
than by epithe!ia. The number of such effector molecules
cannot be estimated at the moment, and the mode of action of
kidney interstitium-derived hormones is unclear at the moment.
They could be autocrine factors directly required for interstitial
growth, paracrine factors involved in epithelial-mesenchymal
interactions, or they could be required for the growth of the
embryo at large as general growth factors. It would be of
considerable importance to study growth factors synthesized by
the embryonic kidney in more detail. Their mode of action
could perhaps then be tested in organ cultures of embryonic
kidneys. We are currently studying whether growth factors or
hormones can affect the epithe!ial or interstitial cells in kidney
organ culture. Data from other tissues suggest, for instance,
that epidermal growth factor can affect the proliferation of
embryonic mesenchymal cells [34, 35]. This is not necessarily a
physiological effect, but it would nevertheless be interesting to
learn whether the interstitial cells of the embryonic kidney can
be affected in a similar fashion. During normal development,
these cells rapidly become the minority population, and there
are therefore no good experimental model systems to study
them in detail. However, our preliminary studies now suggest
that it is possible to stimulate some interstitial cells at the
expense of epithelial cells with peptide growth factors. Further
studies along those lines may be revealing for our understanding
of the tubulo-interstitial cells.
Concluding remarks
It is gradually becoming clear to embryologists interested in
kidney development that the differentiation of the interstitial
cells of the medulla and cortex is a central part of the differen-
tiation program, although the interstitial cells numerically are in
the minority. For the clinically oriented scientists studying
interstitial cells, it should be of interest that many embryolo-
gists are beginning to pay more attention to the development of
interstitium. The concept that interstitial cells influence epithe-
hum and vice versa is not new, but until recently, there was no
information about molecules involved in these processes in the
developing kidney. The molecules involved in the early differ-
entiation stages of kidney development have not been studied in
detail in adult stages in normal human material or in disease
processes. Therefore, it is still unclear whether the embryolog-
ical data will be directly useful for our understanding of
tubulo-interstitial diseases. However, it is our hope that the
available embryological information will stimulate research on
the interstitial cells and their interactions with tubules in the
adult stage and in disease processes.
Reprint requests to Peter Ekblom, Friedrich-Miescher-Labora-
torium, der Max-P/anck-Gesellschaft, Spe,nannstrasse 37-39, 7400
Tubingen, Germany.
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